A mutant strain of Escherichia coli, strain AK23, is devoid of hydrogenase activity when grown anaerobically on glucose and cannot grow on H2 plus fumarate. From an E. coli chromosomal DNA library, a plasmid, pAK23, was isolated which restored hydrogenase activity in this strain. Two smaller plasmids, pAK23C and pAK23S, containing different parts of the insert DNA fragment of plasmid pAK23, were isolated. The former plasmid restored activity in strain AK23 while the latter did not. The smallest active DNA fragment in plasmid pAK23C was 0.9 kb. This gene is designated hvdE. Plasmids pAK23 and pAK23S restored activity in another hydrogenase-negative strain, SE-3-1 (hjdB), while plasmid pAK23C did not, suggesting that plasmid pAK23 contains two genes required for hydrogenase expression. Strain AK23 was also devoid of formate hydrogenlyase and formate dehydrogenase activities and these activities were restored by some of the plasmids. Hydrogenase and formate-related activities in strain AK23 were restored by growth of cells in a high concentration of nickel. Plasmid pAK23C led to synthesis of a polypeptide of subunit molecular mass 36 kDa and plasmid pAK23S led to synthesis of polypeptides of subunit molecular masses 30 and 41 kDa.
A mutant strain of Escherichia coli, strain AK23, is devoid of hydrogenase activity when grown anaerobically on glucose and cannot grow on H2 plus fumarate. From an E. coli chromosomal DNA library, a plasmid, pAK23, was isolated which restored hydrogenase activity in this strain. Two smaller plasmids, pAK23C and pAK23S, containing different parts of the insert DNA fragment of plasmid pAK23, were isolated. The former plasmid restored activity in strain AK23 while the latter did not. The smallest active DNA fragment in plasmid pAK23C was 0.9 kb. This gene is designated hvdE. Plasmids pAK23 and pAK23S restored activity in another hydrogenase-negative strain, SE-3-1 (hjdB), while plasmid pAK23C did not, suggesting that plasmid pAK23 contains two genes required for hydrogenase expression. Strain AK23 was also devoid of formate hydrogenlyase and formate dehydrogenase activities and these activities were restored by some of the plasmids. Hydrogenase and formate-related activities in strain AK23 were restored by growth of cells in a high concentration of nickel. Plasmid pAK23C led to synthesis of a polypeptide of subunit molecular mass 36 kDa and plasmid pAK23S led to synthesis of polypeptides of subunit molecular masses 30 and 41 kDa.
I N T R O D U C T I O N
Hydrogenase is one of many enzymes synthesized by Escherichia coli cells during anaerobiosis which are not detectable during aerobic growth. The other enzymes associated with hydrogen metabolism are formate dehydrogenase, formate hydrogenlyase, pyruvate formate-lyase, and fumarate reductase. Anaerobic growth of E. coli on glucose, in the absence of added electron acceptors, leads to evolution of H2 gas. Glucose is degraded anaerobically by the glycolytic pathway to pyruvate, which is cleaved by pyruvate formate-lyase to acetate and formate. Formate is cleaved to H2 and C 0 2 in a reaction catalysed by 'formate hydrogenlyase' (composed of formate dehydrogenase and hydrogenase) in which protons are used as the terminal electron acceptor. The levels of hydrogenase activity are not maximally expressed by cells under these conditions of growth. Maximal levels of hydrogenase activity are expressed when cells are grown on H2 plus fumarate as sole carbon source, in which case the enzyme is essential for anaerobic growth (Krasna, 1980 (Krasna, , 1984 and fumarate is reduced by H2 to succinate (Macy et al., 1976; Yamamoto & Ishimoto, 1978) . Cells do not grow if hydrogenase is inhibited. This pathway is dependent on fumarate reductase as well as electron carriers which couple this enzyme to H2 as electron donor (Cole et al., 1985; Graham et al., 1980; Lambden & Guest, 1976; Spencer & Guest, 1973) .
Recent evidence (Ballantine & Boxer, 1985 ,1986 Sawers et ul., 1985; Sawers & Boxer, 1986) suggests that the hydrogenases involved in hydrogen evolution and uptake are different membrane-bound isoenzymes with distinct immunological and electrophoretic properties.
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Their expression is reported to be differentially influenced by nutritional and genetic factors (Sawers et al., 1985) and there appear to be three distinct hydrogenase isoenzymes in E. coli. Two of these have been shown to be nickel iron-sulphur proteins.
To elucidate the genetic regulation of hydrogenase synthesis in E. coli, a useful approach has been to isolate mutant strains defective in some aspect of H2 metabolism and to complement the mutation with genes cloned from wild-type cells. Pascal et al. (1975) isolated a hydrogenasenegative strain by screening for the inability of colonies on agar plates to reduce benzyl viologen with Hz. Graham et a/. (1980) isolated two strains which were devoid of hydrogenase activity and lacked the hydrogenase antigen. Other hydrogenase-negative strains were isolated by Karube et al. (1983) , Pecher et al. (1983 ( ), Zinoni et al. (1984 , Krasna (1984) , Lee et al. (1985) and Waugh & Boxer (1986) . All these strains carried a mutation near minute 58 of the E. coligenome map, and since the activity of all hydrogenase isoenzymes was lost by a single mutation, the mutation is not in structural hydrogenase genes. E. coli genes capable of complementing the different reported mutations at this locus have been cloned on plasmids (Karube et al., 1984; Sankar et al., 1985; Waugh & Boxer, 1986) .
This laboratory has previously (Krasna, 1984) described a mutant strain of E. coli (strain AK23) devoid of hydrogenase activities and this paper describes a gene isolated from wild-type cells which restores the activities.
METHODS
Organism and growth conditions. The wild-type strain used in this study was E. coli K12W6 met bio (ATCC 25019) and the mutant strain AK23 was derived from this strain as reported previously (Krasna, 1984) . Mutant strains SE-3-1 (hydB) and SE-19-1 (hydA) were provided by Dr K. T. Shanmugam (Lee et al., 1985) ; they require leucine for growth.
Bacteria were grown in complex or minimal medium. The complex medium was LB broth (Miller, 1972) supplemented with glucose (0.5%) or formate (0.2%). The minimal medium contained, I-' : 6g Na2HP04, 3 g KH2P0,, 1 g NH,Cl, 0.5 g NaCI, 0.2 g MgS04. 7Hz0, 0.01 g CaCI,, 0.02 g L-methionine, 1.2 x g biotin, and glucose (27 mM) or fumarate (43 mM). With fumarate as carbon source, the medium was supplemented with 0.05% peptone. For growth of SE-3-1 or SE-19-1,O.l %of a Casamino acid mixture was also supplied. The pH of all media was adjusted to 6.9. Where appropriate, ampicillin or tetracycline were added to a final concentration of 60 pg ml-' or 15 pg ml-', respectively. Cultures were grown aerobically or anaerobically. Anaerobic growth was carried out in completely filled bottles. Growth on fumarate plus H, was achieved by bubbling H2 into the growth medium at a sufficient rate to saturate the liquid. Unless otherwise noted, cells were grown anaerobically when enzyme assays were done. E n z p e assays. Activity was measured in washed cell suspensions or crude extracts. Cells were harvested by centrifugation, washed twice, and suspended in 75 mM-sodium phosphate buffer, pH 6.7. Cells were broken by ultrasonic treatment for 3 min and crude extracts prepared by centrifugation at 13000 g. Protein was determined by the Lowry method.
Hydrogenase was assayed in intact cells by the deuterium exchange method (Krasna, 1978) in 10% , H 2 0 at 25 "C. One unit of activity is defined as the appearance of 0-1 % * H I H h-* in the gas phase and is equivalent to reaction with 0-287 pmol Hz min-I. Formate dehydrogenase 1 (FDH-1) was assayed by measuring the reduction of 2, 6dichlorophenolindophenol by formate in the presence of phenazine methosulphate (Wu & MandrandBerthelot, 1986) . One unit of activity is defined as the oxidation of 1 nmol formate min-'. Formate dehydrogenase 2 (FDH-2) was assayed by measuring the reduction of benzyl viologen by formate (Lee er al., 1985; Sawers et al., 1985) and one unit of activity represents the reduction of 1 nmol benzyl viologen min-I. 'Formate hydrogenlyase' (FHL, comprising hydrogenase and FDH-2) was assayed manometrically by measuring the evolution of H2 from formate (Lee et al., 1985) , one unit of activity being the evolution of 1 nmol H2 min-I. Screening methods. The colonies of strain AK23 on agar plates cannot reduce methyl viologen by H,, in contrast to the parental wild-type cells (Krasna, 1984) . To detect hydrogenase-positive colonies after transformation by cloned DNA fragments, the transformed cells were plated on LB agar plus the appropriate antibiotic and grown overnight at 37 "C. A solution (5 ml) of 0.2% methyl viologen in 1% (w/v) agar (dissolved in 75 mM-sodium phosphate buffer, pH 6.7) was poured onto the agar surface and the plates were placed in a clear Plexiglass chamber with a gas-tight cover. The chamber was flushed with H2 gas for up to 18 h; the hydrogenase-positive colonies turned purple within a few hours while colonies lacking hydrogenase remained white. While this method is ideal for screening a large number of colonies, it can give some false positives, so a confirmatory method was required.
Isolation of hydrogenase genes 329 1
Each hydrogenase-positive colony was inoculated into 200 p1 minimal medium plus fumarate contained in a 96-well cloning tray and grown aerobically overnight. Antibiotics were added to the medium to select for cells carrying plasmids. Known hydrogenase-positive and hydrogenase-negative strains were included as controls. The aerobically-grown cells were replica-plated into two 96-well trays, one containing fumarate medium and the other LB medium. These plates were placed in the Plexiglass chamber (described above) and grown for 24-48 h with the chamber being flushed with H,. All cells grew in LB medium, while only hydrogenase-containing cells grew in fumarate plus H2. Finally, 5 0~1 of a 0.5% solution of methyl viologen (in 150m~-sodium phosphate buffer, pH 6-7) was added to each well and the trays were placed in H 2 for up to 2 h. The wells with hydrogenase-positive cells turned purple while those with the cells lacking hydrogenase remained clear.
If all these tests were positive, the selected cell was considered as having a hydrogenase-positive phenotype and large quantities of cells were grown anaerobically on minimal medium plus glucose and on minimal medium plus fumarate and H2. These cells were harvested and quantitatively assayed for hydrogenase activities.
Cloning the gene which restores activity. The basic microbiological and genetic techniques were those described by Miller (1972) , and recombinant DNA procedures were essentially those described by Maniatis (1982) . Of the mutant strains of E. coli with altered hydrogenase activity isolated in this laboratory (Krasna, 1984) , only strain AK23 is completely hydrogenase-negative by all the criteria described above; it expresses no exchange activity under all conditions of growth, and does not grow on fumarate plus H,. This strain was used as the recipient for a genomic library from the parental wild-type strain, K 12W6.
(a) Preparation of thegenomic library. The plasmid pBR322 was the cloning vector. DNA from pBR322 grown in E. coli strain HBlOl transformed strain AK23 with low efficiency [ < 10 ApR colonies (pg DNA)-']. Once grown in strain AK23, pBR322 could be reintroduced into this strain at reasonable efficiency [ > lo5 ApR colonies (pg DNA)-'], indicating that the plasmid DNA required modification before efficient transfer to the restricting AK23 strain could be achieved.
Total high-molecular-mass chromosomal DNA from E. coli K12W6 was partially digested with the restriction enzyme Sau3A and subjected to electrophoresis on 0.6% agarose, and fragments in the size range 4-4-6-6 kb were isolated. These fragments were ligated to pBR322 which had been previously cleaved with BamHI, treated with calf intestinal phosphatase and purified by agarose electrophoresis.
The transformation of strain AK23 by this recombinant plasmid library was inefficient. However, the plasmid
ApR colonies (pg DNA)-']. A large number of transformed colonies were collected, grown in large volume and plasmid DNA isolated. This plasmid DNA was the E. coli library used for gene selection. From the transformation of strain AK23, a large number of hydrogenase-positive colonies were detected. Fifteen separate colonies were then further studied. Plasmid DNA was isolated from each clone and used to transform strain AK23 to the hydrogenase-positive phenotype. In each case, all ApR transformants were hydrogenase positive by all criteria, including high levels of deuterium exchange in cells grown both on glucose and on fumarate plus H2. The separate plasmid DNAs were mapped by restriction enzyme digestion and found to be identical; the plasmid was designated as pAK23.
Synthesis of plasmid-coded proteins. The maxicell procedure of Sancar et al. (1979) was followed except that a mixture of 14C-labelled amino acids was used in place of labelled methionine. E. coli strain CSR603 (Sancar et al., 1979) was obtained from the E. coli Genetic Stock Center, Yale University.
RESULTS AND DISCUSSION
Restoration of hydrogenase activity in strain AK23 by cloned DNA fragments Strain AK23 of E. coli (Krasna, 1984 ) is hydrogenase-negative by all criteria and was used as the recipient for a genomic library from the parental wild-type strain K12W6. Only one hydrogenase-positive clone was isolated, containing plasmid pAK23 (8.6 kb) with a 4.2 kb E. coli chromosomal DNA insert linked to a modified pBR322 at the BamHI site. Table 1 reports the specific activity of hydrogenase (measured by deuterium exchange) in strain AK23 transformed by plasmid pAK23. Strain AK23 had no activity when grown anaerobically on glucose and failed to grow on fumarate plus H?. Introduction of plasmid pAK23 into strain AK23 restored the hydrogenase activity to the level of the wild-type parental strain (K 12W6).
The restriction digest map of plasmid pAK23 is shown in Fig. 1 . Plasmid pAK23 was treated separately with Sari and Cia1 to give plasmids pAK23C and pAK23S (Fig. I) , which contain different parts of the insert DNA fragment of plasmid pAK23. Strain AK23 was transformed by these two smaller plasmids and tested for hydrogenase activity (Table 1) . Plasmid pAK23C restored the hydrogenase activity while plasmid pAK23S did not, establishing that the 3 4 kb fragment between BumHI/Suu3A (on the left as written in Fig. 1) and SaZI of the insert DNA in plasmid pAK23 does not restore activity in strain AK23, while the 2.1 kb fragment between Cia1 and BamHIISau3A (on the right as written in Fig. 1 ) does. Plasmid pAK23C was then treated with SalI to give plasmids pAK23CS and pAK23CSn (Fig. l) , which were used to transform strain AK23. Plasmid pAK23CS restored the hydrogenase activity while plasmid pAK23CSn did not ( Table I ), establishing that the 0.9 kb ClaI-SaZI fragment in the insert DNA in plasmid pAK23C is not required for restoration of activity. Plasmid pAK23C was also treated with PstI to give plasmid pAK23CP (Fig. l) , which restored the hydrogenase activity in strain AK23 (Table 1) . This plasmid lacks the 0.3 kb PstI-BamHIISau3A fragment present in plasmids pAK23C and pAK23CS. These results demonstrate that the 0.9 kb Sari-Psi1 insert DNA fragment present in plasmids pAK23, pAK23C, pAK23CS, and pAK23CP is sufficient to restore hydrogenase activity in mutant strain AK23. This gene is designated hydE.
Activity with other mutations and plasmids Lee et al. (1985) isolated a number of hydrogenase-negative strains of E. coli which did not catalyse the exchange reaction and whose mutations mapped between the srland cys operons (58 and 59 min, respectively) of the E. coli genome map. There were two classes of mutations, hydA and hydB, based on the cotransduction characteristics with cys and srl, which represented two hydoperons, both of which were needed for production of active hydrogenase. The two genes are close to each other, hydA being closer to srl than to cys. Strains with hydB (SE-3-1) and hydA (SE-19-1) mutations, as well as plasmids pSE-128 and pSE-130, containing cloned genes which complemented these mutations, were kindly provided by Dr K. T. Shanmugam. Table 2 presents the hydrogenase activity of these strains transformed by plasmid pAK23. The plasmid restored activity to the hydB mutation (strain SE-3-1) but not to the hydA mutant (strain SE-19-l), suggesting that the mutation in strain AK23 maps near the hydB locus. Strain SE-3-1 was then transformed with the two smaller plasmids derived from plasmid pAK23. Plasmid pAK23S restored the activity while plasmid pAK23C did not (Table 2) , the reverse of the result found for strain AK23 (Table 1 ). This suggests that the mutations in strains AK23 and SE-3-1, while both mapping near the hydB locus, are different, since the activity is restored by different cloned genes. Thus, the 4.2 kb DNA insert in plasmid pAK23 probably contains two genes required for hydrogenase expression, both near the hydB locus.
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( 1 985) cloned genes which complemented the hydA and hydB mutations. Plasmid pSE-201, which restored activity in the hydA mutant, did not restore activity in strain AK23. This is not surprising since it was demonstrated above that strain AK23 has a mutation near the hydB locus. Plasmid pSE-128 (restriction map in Fig. l) , which restored activity in strain SE-3-1, did not restore activity in strain AK23 (Table 2 ). This can be explained by considering the restriction maps of the different plasmids shown in Fig. 1 . It was shown above that the 0.9 kb SaZI-Psi1 DNA fragment in the active plasmids is required to restore activity in strain AK23. This fragment is not present in plasmid pSE-128. This conclusion was confirmed by demonstrating that plasmid pSE-130 (Fig. l) , which restores activity in strain SE-3-1 (Sankar et ul., 1985) , also restored activity in strain AK23 (Table 2 ). This plasmid contains the Safl-PstI fragment (disregarding small differences in reported map distances) required for restoration of hydrogenase activity in strain AK23. Sankar et al. (1985) reported that the 2.8 kb Sari-SaZI insert DNA fragment in plasmids pSE-128 and pSE-130 is required to restore activity in strain SE-3-1. Most of this fragment is present in plasmids pAK23 and pAK23S, which also restore activity in strain SE-3-1. The plasmid pRW 1 isolated by Waugh & Boxer (1986) is similar to plasmid pSE-130. These plasmids probably contain two genes near the hydB locus, both required for hydrogenase expression. One of these genes is active in strain SE-3-1 and the second is active in strain AK23.
A . C H A U D H U R I A N D A . I . K R A S N A
E&ct of nickel on hydrogenasv mutants Waugh & Boxer (1986) described two hydrogenase-negative strains in E . coli, FD12 and DBlO, mapping near minute 58 on the genome map, in which the defect could be restored by growth in LB broth in the presence of 0.6 mM-NiClz. They isolated a plasmid (pRW1) which complemented this mutation and also described other strains in which the hydrogenase activity was restored by the plasmid but not by growth in the presence of NiCl?.
The effect of NiCl2 on the growth and hydrogenase activity of E. coli strains K12W6, AK23, SE-3-1 and SE-19-1 was investigated. Growth of these strains anaerobically on minimal medium plus glucose or formate was inhibited by 0-6 mM-NiC1, and in most cases by much lower concentrations (some at 0.2 mM and some at 0-02 mM). Growth was too poor for the hydrogenase The hyd genotype of strain K12W6 is hyd+; that of strain AK23 is hydE.
phenotype to be established. All strains grew anaerobically on LB broth in the presence of 0.5 m~-NiCl,, but only strains K12W6 and AK23 had hydrogenase activity (Table 3) . Strain AK23 did not show a hydrogenase-positive phenotype when the nickel concentration was less than 0.3 mM. Addition of NiCl, to cells grown in the absence of nickel did not restore activity (Table 3) . Growth on fumarate plus H2 in the presence of 0.05 mM-NiC1, was only observed in strains K12W6 and AK23, and the cells had hydrogenase activity (Table 3 ). Higher concentrations of NiC12 inhibited growth even in strain K12W6. Thus, among the strains examined, only in strain AK23 was the hydrogenase activity restored by growth in the presence of high concentrations of nickel. The mutation in strain AK23 is very similar to that in strains FD12 and DBlO described by Waugh & Boxer (1986). The mutation may be in a gene required for hydrogenase synthesis, the role of which can be replaced by high concentrations of nickel in the growth medium. It could also be in a gene required for transport of nickel, binding of nickel, or insertion of nickel into hydrogenase.
Wu & Mandrand-Berthelot (1986) described two classes of E . coti mutations, mapping at 77 min on the genome map, which were defective in FHL and lacked hydrogenase activity. In one class of mutant (hydC), addition of 0.5 m~-NiCl, to the growth medium restored the enzyme activities, while the second class of mutant (hydD) was insensitive to the effect of nickel.
Formate-related activities of' strain A K23 transformed by plasmids Strain AK23 was assayed for the activities of FHL (evolution of H2 from formate), FDH-2 (benzyl viologen-linked activity; the FDH associated with FHL) and FDH-1 (the FDH associated with nitrate reduction : Ingledew & Poole, 1984) . The results are summarized in Table  4 . This strain had little FHL activity, which is to be expected since it has little hydrogenase activity. It also was essentially devoid of FDH-2 activity and had little FDH-1 activity (20% of the parental strain).
The effect of transformation of strain AK23 by various plasmids on the formate-related activities is shown in Table 4 . Plasmid pAK23, which restores the hydrogenase activity completely, restored the FHL, FDH-2 and FDH-1 activities 51 %, 37% and loo%, respectively.
Plasmid pAK23C, which also restores hydrogenase activity completely, was essentially unable to restore FHL and FDH-1 activities, but could restore some FDH-2 activity (18%). Plasmid pAK23S, which does not restore hydrogenase activity, failed to restore the three formate-related activities. Plasmid pAK23CSn, which did not restore hydrogenase activity, restored some FDH-1 activity, but no FHL or FDH-2 activity. Plasmids pAK23CS and pAK23CP, which are derived from plasmid pAK23C and restore hydrogenase activity, were more active than plasmid pAK23C in restoring formate-related activities. Plasmid pAK23CP was more active than the larger plasmid pAK23.
Plasmid pSE-128, which did not restore hydrogenase activity in strain AK23, failed to restore the formate-related activities, while plasmid pSE-130, which restored hydrogenase activity, completely restored all formate-related activities (Table 4 ). The formate-related activities were partially restored in strain AK23 by growth in the presence of 0.5 mM-NiClz (Table 4) , which also restored hydrogenase activity (Table 3) . The mechanisms by which nickel restores the formate activities are unknown.
Certain general conclusions can be drawn concerning restoration of formate-related activities in strain AK23. Plasmids which do not restore hydrogenase activity do not restore formaterelated activities, suggesting that the 0.9 kb Sari-PstI insert DNA fragment (Fig. 1) is essential. Restoration of hydrogenase activity by a plasmid containing this fragment does not necessarily restore all the formate-related activities. Depending on the additional DNA fragments present in the plasmid, the restoration of formate-related activities may be increased or decreased. Thus, plasmid pAK23, in addition to carrying two genes required for hydrogenase expression near the hydB locus (see above) may carry a gene required for expression of formate-related activities. It is also possible that one of the genes required for hydrogenase expression also regulates formate dehydrogenase expression.
Sankar et al. (1985) reported that plasmid pSE-128 restored FHL activity to their hydB mutations while plasmid pSE-130 did not, and further suggested that plasmid pSE-130 inhibited FHL activity in some strains. They suggested that plasmid pSE-I 28 carried a gene for FDH-2 as well as a gene for an electron-transport protein which couples FDH-2 to hydrogenase. These two plasmids had the opposite effect on the formate-related activities in strain AK23, the activities being restored by plasmid pSE-130 and not by plasmid pSE-128. Thus, strains AK23 and SE-3-1 have different mutations, consistent with the results reported above on the effect of the pSE plasmids on hydrogenase activity.
Waugh & Boxer (1986) reported that plasmid pRW 1 restored both hydrogenase and formaterelated activities to strains FD12 and DBlO, but restored only hydrogenase activity to strain FDlO. Both activities were restored to strains FD12 and DBlO by growth in the presence of 0-6 mM-NiClz, whereas nickel failed to restore either activity in strain FDlO. They concluded that the plasmid contained a DNA fragment which encoded two genes essential for hydrogenase activity, neither being the structural gene. It would appear that the mutation in strain AK23 is similar to that reported in strains FD12 and DB10. The mutation in strain FDlO is similar to that in strain SE-3-1 with respect to hydrogenase activity but not necessarily with respect to the reported formate-related activities.
Synthesis of plasmid-encoded proteins
The maxicell procedure of Sancar et al. (1979) was used to identify the polypeptides encoded by some of the pAK23 plasmids (Fig. 2) . The plasmid vector pBR322 coded for three polypeptides of molecular masses 43, 33 and 28 kDa. These correspond to the proteins of 37, 3 1 and 28 kDa reported to be encoded by plasmid pBR322 (Sancar et a/., 1979) . None of the pAK23 plasmids showed a band at 43 kDa, which probably represents the tet gene product (the plasmids have an insertion in the tet region). The 33 and 28 kDa polypeptides are products of the amp gene (Sancar et al., 1979) and are expressed in the pAK23 plasmids, although the 33 kDa peptide is not expressed well in plasmid pAK23S.
Plasmid pAK23 led to the synthesis of three new polypeptides of molecular masses 41, 36 and 30 kDa (Fig. 2) . Plasmid pAK23C led to the synthesis only of the 36 kDa polypeptide while plasmid pAK23S led to the synthesis of the 41 and 30 kDa species. The 30 and 41 kDa polypeptides are probably not involved in the synthesis of the protein absent or inactive in strain AK23; this only requires the 36 kDa product. The former two polypeptides may be protein products absent or inactive in strain SE-3-1 and/or may have some role in formate-related activities. Waugh & Boxer (1986) reported that plasmid pRW1 led to the synthesis of polypeptides of 28, 36 and (minor component) 38 kDa. These values are quite similar to those found here for plasmid pAK23. The molecular masses reported here may not be the actual sizes of the active proteins. They could represent hybrid proteins created by fusion of the insert and plasmid DNA.
The subunit molecular mass of E. coli hydrogenase was reported as 56 kDa by Adams & Hall (1979) and 58 kDa by Graham et al. (1980) . Sawers & Boxer (1986) reported that the subunit molecular masses of the hydrogenase isoenzyme 1 were 64 and 35 kDa, and Ballantine & Boxer (1986) found that the subunit molecular masses of the hydrogenase isoenzyme 2 were 61 and 35 kDa. The catalytic subunit was the one of higher molecular mass. Harker et al. (1986) reported that the hydrogenase of E. coli contained subunits of 60 and 30 kDa, with the catalytic activity residing in the 60 kDa subunit. The 36 kDa polypeptide encoded by plasmid pAK23C, which restores hydrogenase activity in strain AK23, does not correspond to the reported molecular mass of the hydrogenase catalytic subunit. (Its relationship, if any, to the 30-35 kDa subunit is not known.) This suggests that the gene cloned in this plasmid, while required for hydrogenase synthesis, is not a structural gene for hydrogenase.
The hydrogenase genes hydA, hydB, hydC and hydD (Lee et al., 1985; Wu & MandrandBerthelot, 1986 ) appear to be involved in hydrogenase synthesis and are not structural genes for hydrogenase, of which there are three (Sawers, et al., 1985; Waugh & Boxer, 1986) . The 0.9 kb D N A fragment which restores hydrogenase activity in strain AK23 is distinct from these four genes and can be designated hydE. The existence of this gene on a DNA fragment also containing the hydB gene has been reported (Waugh & Boxer, 1986) . It is not a hydrogenase structural gene, for reasons outlined above. It should also be noted that none of the cloned genes led to amplification of hydrogenase activity in transformed cells, a finding consistent with their not being structural genes. Most mutations in the hydgenes near minute 58 led to loss of activity in all three immunologically distinct hydrogenase isoenzymes (Waugh & Boxer, 1986 ). The hydC and hydE genes are in some way involved in nickel metabolism.
